The separation of graphene grown on metallic catalyst by chemical vapor deposition (CVD) is essential for device applications. The transfer techniques of graphene from metallic catalyst to target substrate usually use the chemical etching method to dissolve the metallic catalyst. However, this causes not only high material cost but also environmental contamination in large-scale fabrication. We report a bubble transfer method to transfer graphene films to arbitrary substrate, which is nondestructive to both the graphene and the metallic catalyst. In addition, we report a type of metallic catalyst, which is 700 nm of Cu on sapphire substrate, which is hard enough to endure against any procedure in graphene growth and transfer. With the Cr adhesion layer between sapphire and Cu film, electrochemically delaminated graphene shows great quality during several growth cycles. The electrochemical bubble transfer method can offer high cost efficiency, little contamination and environmental advantages.
Introduction
Graphene, a two-dimensional honeycomb structure of carbon isotopes, is receiving worldwide attention due to its superior quality, such as high carrier mobility, excellent strength and high thermal conductivity [1, 2] . Due to its high electrical conductivity, transparency, and flexibility, high-quality single-layer graphene with large area has received much attention in the industry [3] [4] [5] . However, the conventional method of transferring graphene essentially involves a chemical etching step to remove the metal substrate, which causes environmental pollution and damage to graphene, as well as an increase in the production cost [6] . In addition, it is not appropriate to transfer the graphene from some chemically inactive metal catalysts such as Ru, Au, and Pt because these types of metals are hard to remove completely and etching is costly. Recently, bubble-transfer method, which use electrochemical reaction to delaminate graphene from catalyst metal, was reported [7] [8] [9] [10] . In this way, it is possible to save metal catalyst to synthesize graphene by re-using the catalyst. However, this method (conventionally using Cu foil of about 25 µm thickness) can cause other damages to the Cu foil during handling such as wrinkling, tearing, and vacuum retention in spin coating, resulting in defects in synthesized graphene.
Here we report the growth of graphene on three types of Cu catalysts. First, a conventional Cu foil was used [11, 12] . Second, a Cu film deposited on a sapphire substrate without any other layer or processing was used [13, 14] . Finally, we used a Cu film on a sapphire substrate with a Cr adhesive layer [15] . In these three samples, graphene was grown by CVD and transferred from Cu to target substrate by bubble transfer method. The sapphire substrate is robust enough to withstand mechanical damage, preventing Cu from tearing and wrinkling. In addition, the Cr layer between the sapphire and the Cu thin film improves the adhesion strength between both surfaces to prevent Cu film from peeling and tearing. Further, since Cr is more reactive than Cu, it also has an effect of preventing Cu from being oxidized. Therefore, this non-destructive method makes it possible to use the Cu film catalyst repeatedly without damages, and the synthesized graphene has almost the same quality as the original one.
Materials and Methods

Preparation
Catalyst Materials Preparation
(i) Commercial Cu foil (Alfa Aesar, Ward Hill, MA, USA, item no. 13382, 99.8% purity) which were first immersed for 1 min in 0.1 mole ammonium persulfate ((NH 4 ) 2 S 2 O 8 , Sigma-Aldrich, St. Louis, MO, USA, item no. 248614, ACS reagent, 98.0%) solution to clean and etch the contaminants on the surface of the Cu foil; (ii) 700 nm Cu film on c-plane sapphire and (iii) 700 nm Cu film on adhesion layer (15 nm Cr) coated c-plane sapphire were prepared by using electron-beam evaporator (substrate temperature was room temp and chamber pressure was maintained at 0.05 mTorr during deposition).
CVD Process
Each catalyst is loaded into a quartz tube reaction chamber to perform graphene growth. The pressure in the chamber was pumped to 5 mTorr using a mechanical pump, then hydrogen (H 2 ) was injected into the chamber at 40 sccm. Then, the Cu film catalysts (Cu/c-sapphire and Cu/Cr/c-sapphire) temperature increased to 950 • C over 60 min. The reduction step of copper was done by flowing hydrogen gas at this stage. The pressure in the chamber is maintained at 500 mTorr. Then, methane (CH 4 ) gas was introduced into the chamber at 10 sccm for 10 min. Finally, furnace was rapidly cooled to room temperature to precipitate the graphene on the catalyst surface under a hydrogen gas flow of 40 sccm. For the Cu foil catalyst, the catalyst was heated to 1000 • C for 60 min and annealed during 30 min to increase grain size of Cu before methane injection, and the other step was the same with Cu film catalysts.
Bubble Transfer
After growth, the graphene sample was spin-coated with poly-methyl methacrylate (PMMA) at 1800 rpm for 40 s and dried in air for 10 min. 1 M NaOH aqueous solution was used in the electrolyte for constant current and voltage, 40 mA and 3 V. A platinum film was used as the electrode. The delaminated graphene/PMMA film was transferred to Si/SiO 2 substrate. The transferred graphene was heated at 180 • C for 30 min and then cleaned in acetone for 1 h. After that, it was cleaned in Isopropyl Alcohol (IPA) and Deionized (DI) water for 10 min each.
Analysis
Scanning electron microscope (SEM) images were taken using a JSM-6700 (JEOL, Tokyo, Japan) device at 5.0 kV. The Optical Microscope (OM) images were taken with a U-MSSP49 (Olympus, Tokyo, Japan) microscope. Raman spectra were obtained with a LabRAM HR Evolution-Nicolet iS50 (Jobin Yvon, Horiba, Kyoto, Japan) spectrometer under He-Ne 532 nm laser wavelength, 5 mm in diameter. Figure 1 illustrates the limitations of the conventional graphene transfer method. The OM image in Figure 1a shows some voids and graphene flakes attached to the graphene. These voids are defects that occur during the transfer process. When there is an unattached region between the target substrate Coatings 2017, 7, 218 3 of 8 and the graphene, the graphene is teared and scratched during the process to dissolving PMMA [16] [17] [18] . For the graphene flakes, since the graphene synthesized on the copper foil grows on both sides of the foil, if it is not removed by the oxygen plasma, the residue as shown in Figure 1a remains beneath the surface. The oxygen plasma process is, however, a demanding process and can cause mechanical damage to the Cu foil during the handling process. The bubble transfer process allows clean graphene to be obtained without the oxygen plasma process. The bubble transfer method does not cause such damages to graphene, and only one side of the graphene can be clearly peeled off. Furthermore, it can also reduce the loss of Cu compared to the conventional chemical etching transfer method. Since the binding energy between graphene and Cu (0.033 eV per carbon atom) is relatively weak compared to the inter-planar bond strength of graphite, the graphene can be easily peeled off from Cu by the bubble transfer method [19] [20] [21] . Figure 1c shows a schematic view of bubble transfer. A copper foil/graphene/PMMA was used as the cathode, a platinum foil was used as the anode, and NaOH solution was used as the electrolyte. When direct current is applied, water is reduced on the surface of the Cu foil to generate hydrogen. When this hydrogen bubble occurs in large quantities between copper and graphene, the graphene/PMMA layer is separated from copper within seconds. PMMA coatings of sufficient thickness and concentration are needed, since thin PMMA/graphene film can be damaged by hydrogen bubbles or water [22, 23] . The mass change of copper foil was measured during repeated CVD deposition and shown in Table 1 . Compared to the original Cu foil which was 0.0235 g at first, it decreased by 0.0064 g for seven cycles. There was a decrease of about 0.001 g in one cycle. A slight reduction of about 4% per cycle is believed to have occurred during the repeated pre-etching and CVD processes as well as during the bubble transfer process.
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Effect of Cr Adhesive Layer
As shown in Figure 3 , the adhesion between Cu and sapphire is poor, and Cu tends to peel off even once in bubble transfer. This is because bubble transfer is an electrochemical process that causes desorption on both sides of Cu. Figure 3b is an Optical Microscope (OM) image of a Cu surface after short-time electrolysis. As can be seen in the figure, the Cu layer is swollen, and when they are combined to some extent, they are separated from the sapphire substrate as shown in Figure 3a . To solve this problem, we added a Cr layer between Cu and sapphire. The Cr layer acts as an adhesive layer and strengthens the attraction between Cu and sapphire. Figure 3c shows the surface of a sample having a Cr layer after electrolysis, which is the same process as shown in Figure 3b . It is relatively more clean and well maintained than the former. We used XRD analysis to understand this effect (Figure 4 ). The status of Cu was compared by analyzing the XRD of Cu/Sapphire and Cu/Cr/Sapphire samples before and after 950 °C CVD graphene growth. The Cu (100)/Cu (200) intensity ratios of the two samples were 28 and 2.6 before the CVD process, respectively. Since the sapphire (0001) plane and the Cu (111) plane are hexagonal planes, the previous sample deposited directly on the sapphire is deposited in the (111) preferred orientation, unlike the latter where the Cr 
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To solve this problem, we added a Cr layer between Cu and sapphire. The Cr layer acts as an adhesive layer and strengthens the attraction between Cu and sapphire. Figure 3c shows the surface of a sample having a Cr layer after electrolysis, which is the same process as shown in Figure 3b . It is relatively more clean and well maintained than the former. We used XRD analysis to understand this effect (Figure 4 ). The status of Cu was compared by analyzing the XRD of Cu/Sapphire and Cu/Cr/Sapphire samples before and after 950 • C CVD graphene growth. The Cu (100)/Cu (200) intensity ratios of the Coatings 2017, 7, 218 5 of 8 two samples were 28 and 2.6 before the CVD process, respectively. Since the sapphire (0001) plane and the Cu (111) plane are hexagonal planes, the previous sample deposited directly on the sapphire is deposited in the (111) preferred orientation, unlike the latter where the Cr layer with the BCC structure is present [25, 26] . It changes greatly after the CVD process. At high temperatures, the intensity of the (111) peak increases and the intensity of the (200) peak decreases due to Cu agglomeration.
Coatings 2017, 7, 218 5 layer with the BCC structure is present [25, 26] . It changes greatly after the CVD process. At high temperatures, the intensity of the (111) peak increases and the intensity of the (200) peak decreases due to Cu agglomeration. This means that Cu does not adhere well to the sapphire surface, and the performance of the Cu catalyst also deteriorates. The surface roughness of Cu is also expected to increase by agglomeration. On the other hand, the sample containing the Cr layer showed no significant change in the intensity ratio before and after the CVD process. The Cu layer is stable on the Cr layer and it is very useful for repetitive graphene growth cycles. To ensure that Cu was agglomerated, we observed SEM images 5 layer with the BCC structure is present [25, 26] . It changes greatly after the CVD process. At high temperatures, the intensity of the (111) peak increases and the intensity of the (200) peak decreases due to Cu agglomeration. This means that Cu does not adhere well to the sapphire surface, and the performance of the Cu catalyst also deteriorates. The surface roughness of Cu is also expected to increase by agglomeration. On the other hand, the sample containing the Cr layer showed no significant change in the intensity ratio before and after the CVD process. The Cu layer is stable on the Cr layer and it is very useful for repetitive graphene growth cycles. To ensure that Cu was agglomerated, we observed SEM images This means that Cu does not adhere well to the sapphire surface, and the performance of the Cu catalyst also deteriorates. The surface roughness of Cu is also expected to increase by agglomeration. On the other hand, the sample containing the Cr layer showed no significant change in the intensity ratio before and after the CVD process. The Cu layer is stable on the Cr layer and it is very useful for repetitive graphene growth cycles. To ensure that Cu was agglomerated, we observed SEM images of the Cu surface of each sample [27] . As expected, there was no significant difference in the size of the surface particles in the sample containing the Cr layer, but samples without the Cr layer showed waves in the same direction due to the agglomeration of Cu. This is because the Cr located at the interface between Cu and Cr diffuses to the free surface and dielectric interface during CVD heating at 950 • C to make some Cu more adhesive [28] . It is interesting that small particles were generated from Cu without Cr after CVD process; they are expected to be generated with Cu oxide or contamination. The effect of Cr is also an evidence that it not only increases the adhesion but also prevents oxidation and contamination of Cu. We think that the oxygen in the sapphire substrate during the CVD process at high temperatures may have diffused and migrated to the Cu and Cr portions. In the absence of the Cr layer, diffused oxygen ions oxidize Cu, but in the case of the Cr layer, diffused oxygen combines with Cr to form Cr oxide, which acts as a passivation material [29, 30] . This Cr oxide no longer causes oxygen to oxidize the Cu. The Cr-Cu phase diagram of Figure 5a shows that at 0.0169 wt % of Cr, which was calculated from our sample that has 700 nm Cu and 15 nm Cr, the two metals did not form solid solutions with each other at 950 • C.
6 prevents oxidation and contamination of Cu. We think that the oxygen in the sapphire substrate during the CVD process at high temperatures may have diffused and migrated to the Cu and Cr portions. In the absence of the Cr layer, diffused oxygen ions oxidize Cu, but in the case of the Cr layer, diffused oxygen combines with Cr to form Cr oxide, which acts as a passivation material [29, 30] . This Cr oxide no longer causes oxygen to oxidize the Cu. The Cr-Cu phase diagram of Figure 5a shows that at 0.0169 wt % of Cr, which was calculated from our sample that has 700 nm Cu and 15 nm Cr, the two metals did not form solid solutions with each other at 950 °C.
Influence of Temperature
Experiments were performed at 930 °C, 950 °C, 970 °C and 1000 °C, respectively. However, the thermal energy at 930 °C was too low to dissolve carbon dissociated from methane into copper, so a complete graphene film could not be obtained. Too high a temperature at 1000 °C makes it difficult to synthesize complete graphene by evaporating too much copper during the CVD process. Raman spectra were observed after synthesis of graphene for two cycles at 950 and 970 °C, respectively. First, Figure 5b shows that the I2D/IG ratio of graphene synthesized at 950 °C is higher in the second synthesized graphene. D peak is also greater in the first synthesized graphene, which means that the second synthesized graphene has better quality than the former. This is because of the surface reconstruction of the Cu film at the CVD temperature which is close to the melting temperature of Cu [7] . This reconstruction makes the grain size of the Cu film large and uniform. The quality of the graphene, which is essentially influenced by the surface morphology of catalyst metal, can be increased by repeated use of the Cu film due to the surface reconstruction that occurred at the previous growth cycle. At 970 °C, as seen in Figure 5c , the performance of the second synthesized graphene is also better. Among them, graphene made at 970 °C has the best quality. 
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